The effects of temperature, light, and water activity (aw) on the growth and fumitremorgin production of a heat-resistant mold, Neosartoryafischeri, cultured on Czapek Yeast Autolysate agar (CYA) were studied for incubation periods of up to 74 days. Colonies were examined visually, and extracts of mycelia and CYA on which the mold was cultured were analyzed for mycotoxin content by high-performance liquid chromatography. Growth always resulted in the production of the tremorgenic mycotoxins verruculogen and fumitremorgins A and C. The optimum temperatures for the production of verruculogen and fumitremorgins A and C on CYA at pH 7.0 were 25, 30, and 37°C, respectively. The production of fumitremorgin C by N. fischeri has not been previously reported. Fumitremorgin production was retarded at 15°C, but an extension of the incubation period resulted in concentrations approaching those observed at 25°C. Light clearly enhanced fumitremorgin production on CYA (pH 7.0, 25°C), but not as dramatically as did the addition of glucose, fructose, or sucrose to CYA growth medium (pH 3.5, 25°C). Growth and fumitremorgin production was greatest at aw of 0.980 on CYA supplemented with glucose or fructose and at aw of 0.990 on CYA supplemented with sucrose. Growth and fumitremorgin production were observed at aw as low as 0.925 on glucose-supplemented CYA but not at aw lower than 0.970 on CYA supplemented with sucrose. Verruculogen was produced in the highest amount on all test media, followed by fumitremorgin A and fumitremorgin C.
Heat-resistant molds are often implicated as spoilage agents in fruit juices and other heat-processed fruit-based products (10) . Among the most frequently isolated heatresistant mold species causing spoilage are Byssoclhamys fulva, Byssochiamys nivea, Neosartorya fischeri, and Talaromyces flavus. N. fischeri (anamorph Aspergillus fischerianus) grows at 10 to 52°C, with an optimal temperature range of 26 to 45°C. The teleomorph will predominate at 24°C, while the anamorph will predominate at 37°C (1, 27) . Ascospores formed by the teleomorph are extremely heat resistant compared with those of other molds (1, 20, 29) .
N. fischeri is widely distributed in soil (27) , and, consequently, occasionally causes spoilage problems in products containing fruits harvested from or close to the ground. The organism was first isolated from canned strawberries in 1963 (16) and has since been isolated from several spoiled, heatprocessed fruit products (10, 14, 15, 20, 28, 29) .
Certain strains of N. fischeri are capable of producing terrein (21) , fumitremorgins A and B (11) , and verruculogen (24) . The latter three mycotoxins are members of the fumitremorgin group that also includes fumitremorgins C and TR-2 (4). Fumitremorgins act on the central nervous system, causing sustained tremors, convulsions, and death in animals (25, 33, 34) . Verruculogen is the most toxic, causing tremors in swine and sheep at 5 to 10 p.g/kg of body weight administered intravenously (25) .
Considerable research effort has been expended in attempts to characterize heat-resistant ascospores of N. fischeri. Yet and fumitremorgin production as affected by environmental factors such as temperature, water activity (aj), pH, oxygen tension, light, preservatives, and certain organic acids. Although the effects of these parameters on mycotoxin production by other molds have been studied, different species and even different strains within the same species often respond differently to the same environmental conditions (7, 23, 26, 30) .
A decrease in aw will generally prolong the lag phase for growth and reduce the growth rate and total amount of biomass produced (3, 18, 31) . Germination occurs at lower aw than does linear growth, which, in turn, occurs at lower aw than does asexual sporulation (18) . Sexual sporulation usually requires an even higher aw (2) . The aw affects molds in different ways, depending on the nature of the controlling solute and the organism. For a Rhizopus species, sucrose was more inhibitory than glucose was when used to alter aw to the same level (12) . The same observation was made for the germination and outgrowth of Neurospora crassa conidia (3). However, the growth of Eurotium rubrum was less repressed by sucrose than by glucose or fructose (17) and was better on glucose than on fructose.
The study reported here was designed to determine whether N. fischeri growth and fumitremorgin production are affected by temperature, light, and aw when grown on Czapek Yeast Autolysate agar (CYA). sugars and 0.925, 0.900, and 0.877 also for glucose) was calculated by the procedure described by Norrish (22) . The sugars were added to the media before autoclaving, and the pH was adjusted to 3.5 with sterile HCI after autoclaving in order to compare results with CYA with results with fruit juices and other fruit products (13) . All media were poured in 90-mm-diameter petri dishes (ca. 20 ml per dish).
MATERIALS AND METHODS

Organism
Inoculation. Plates were inoculated at three points with a 3-mm-diameter inoculation loop that has been submerged in the ascospore suspension ( ). The column used in the temperature study was a reverse-phase C18 column (10 ,um LiChrosorb RP-18, 250 mm length, 4.6 mm internal diameter; Universal Scientific Inc., Atlanta, Ga.). In studies de- signed to determine the effects of light and a, on growth and fumitremorgin production, an Econosphere 5-pum C18 column (250 mm length and 4.6 mm internal diameter) was used (Alltech Associates, Deerfield, Ill.).
The gradient solvent system used by Frisvad and Thrane (8) was modified slightly to accommodate a different HPLC system. Solvent A was acetonitrile (HPLC grade, J. T. Baker Chemical Co., Phillipsburg, N.J.), and solvent B was deionized, filtered (0.45 p.m) water. The percentage of solvent A was raised from the initial 10 to 50% at 30 min and then to 90% during the succeeding 10 min. After an additional 7 min, the system was adjusted back to 10% solvent A, at which it was maintained for at least 7 min before the next sample was injected. The (9) , and the area-concentration factor (f) was calculated fromf = As1CS, where As is the peak area of the mycotoxin standard and Cs is its concentration. These determinations were repeated several times throughout the study. The amount of fumitremorgin C standard was very small, and the standard was impure, so we were not able to determine f for it. However, since the 6-0-methyl-substituted indole group causing the strong absorption at 225 nm is the same in all the fumitremorgins, the molar absorbances were considered to be very similar. Therefore f for fumitremorgin C was calculated from fs for verruculogen and fumitremorgin A by multiplying each by their molecular weight ratios and calculating the mean. 10 days at 25°C in the dark, as this medium was previously shown to strongly support production of fumitremorgins A and C verruculogen. Media and mycelia were extracted as previously described. The extract was evaporated to dryness under vacuum, taken up in chloroform, and separated by silica gel column chromatography (5). The oil was first eluted from the column with 500 ml of hexane; mycotoxins were then eluted with a gradient from hexane to ethyl acetate and collected by using an automatic sample collector. Mycotoxins were analyzed by thin-layer chromatography on glass plates (10 by 10 cm) coated with silica gel (250-,um thickness) and developed in chloroform-acetone (93:7). Mycotoxins were visualized by spraying thin-layer chromatography plates with 50% ethanolic H2SO4 and heating the plates for 5 min at 100°C. Fractions having the same secondary metabolic profile on thin-layer chromatograms were combined, concentrated under vacuum, and analyzed by HPLC.
RESULTS AND DISCUSSION
The study revealed that N. fischeri is capable of producing at least three tremorgenic mycotoxins, viz., fumitremorgins A and C and verruculogen. The Rf values and appearance of mycotoxins which had been separated by column chromatography were identical to those of the standards when the sprayed thin-layer chromatography plate was examined under visible and UV light. Likewise, UV spectra and retention times as determined by HPLC were identical to those of the standards. The production of fumitremorgin C by N. fischeri has not been previously reported.
The bracketed retention indices for fumitremorgins C and A and verruculogen are listed in Table 1 . The difference between values obtained in the two laboratories may be due to differences in HPLC equipment and the type of column used in the two studies, because the same gradient solvent system was used in both studies. The addition of trifluoroacetic acid to acetonitrile and the use of a column with a smaller particle size (5 and the production of fumitremorgins as affected by time and temperature are shown in Fig. 1 . An increase in temperature shortened the lag phase and increased the growth rate. At 25, 30, and 37°C, the plates were completely overgrown with mycelia (diameter, >65 mm) within 1 week. The radial growth stopped when colonies incubated at 21°C reached 60 mm, whereas colonies incubated at 15°C slowly increased to 41 mm after 74 days.
The production of fumitremorgin C was generally less than that of verruculogen or fumitremorgin A. At 15°C, the production of fumitremorgin C was very low but continued to increase during the extended incubation period and reached 19 p.g per plate after 74 days; so it is possible that levels comparable with those observed at higher temperatures could have been achieved had the incubation period been extended further. At 21°C, the concentration was initially low, but after the incubation period was extended to 276 days, a relatively high concentration (41 p.g per plate) was detected. The rate of increase in concentration increased as the temperature was increased from 25 to 37°C. At 30 and 37°C, the extension of the incubation period to 276 days only slightly decreased the fumitremorgin C concentration detected, while the concentration was almost halved at 250C.
The accumulated production of verruculogen increased most rapidly at 30°C, followed by 25, 21 Cleistothecia were not produced at 15°C within the 74-day incubation period. The number of conidia produced increased and the color changed from pale blue-green to grayish green or pale brownish green with increased incubation temperature. The number of cleistothecia decreased with temperature. Light effect. Exposure to light did not affect colony diameter but did influence mycotoxin production. Production on CYA plates incubated in the dark has already been described above. The production of fumitremorgins A and C and verruculogen was higher on CYA incubated under conditions of alternating light and dark than on CYA incubated in total darkness. The maximal fumitremorgin C concentration was 98 ,ug per plate, about twice the concentration reached on CYA incubated in total darkness. The concentration of verruculogen remained constant between 1,094 and 1,331 ,ug per plate from 11 to 32 days, 30 to 40% more than that produced on plates incubated in total darkness. The maxi- mum concentration of fumitremorgin A (584 ,ug per plate) was ca. 60% higher than the concentration produced on plates incubated in the dark.
Conidia and cleistothecia were formed after the same incubation time on plates incubated in the dark or under conditions of alternating light and dark, but many more conidia were formed when the colonies were exposed to light. The number of cleistothecia formed was not influenced by light. a^, Figure 2 illustrates the influence of a, on colony diameter and fumitremorgin production over a 32-day incubation period at25°C, when a, was altered with glucose. Growth of N. fischeri was markedly inhibited at a, of 0.925, but colonies still reached 32 mm in diameter within 32 days and produced about 33% of the fumitremorgin C and verruculogen produced on the standard medium (unsupplemented CYA; aw, 0.998). The production of fumitremorgin A was only 1 to 2% of that produced on standard medium. Ataw of 0.900 or 0.877, ascospores did not germinate. The growth rate was most rapid at a, of 0.980, indicating that growth was favored by a lower a,. Fumitremorgin standard medium; on CYA at aw of 0.955, production was similar to that on standard medium. Decreased a, also promoted the production of verruculogen, but not nearly as effectively as that observed for fumitremorgin C. On CYA at aw of 0.990, the maximal concentration was reached much more rapidly than it was on standard medium. At aw of 0.980, the concentration was about 50% higher compared with that in standard medium, and at a, of 0.970, the maximum concentration was more than doubled (1,626 p,g per plate). For fumitremorgin C, the net production on CYA at aw of 0.955 was similar to that on the standard CYA, but the lag phase was longer.
Production of fumitremorgin A was only slightly increased by lowering the aw of CYA. On CYA at aw of 0.970, production of fumitremorgin A was similar to that observed at aw of 0.980 or 0.990, but the lag phase was longer. The concentration of fumitremorgin A on standard medium continued to increase throughout the 32-day incubation period. Production was markedly depressed at aw of 0.955. The maximum amount produced after 32 days only half that produced on the standard medium.
Growth and toxin production by N. fischeri on fructosesupplemented CYA (Fig. 3) fischeri has a narrower a, range for production of fumitremorgin on fructose CYA than on glucose CYA and suggests that glucose may be more easily utilized than fructose.
At a given aw, sucrose had a greater inhibitory effect on growth and fumitremorgin production than glucose and fructose did (Fig. 4) . N. fischeri ascospores did not germinate at aw of 0.955, and growth and mycotoxin production at a¾ of 0.970 were inhibited to the same extent as noted on glucose-or fructose-supplemented CYA at aw of 0.955. However, production of fumitremorgin C was about twofold higher than that on the standard medium. This result might be due to the inhibition of the conversion of fumitremorgin C to fumitremorgin A and, to a certain extent, the conversion to verruculogen, suggesting that different enzyme systems may be influenced differently by aw. The highest production was noted at aw of 0.990; in fact, the highest concentration of verruculogen (1,704 ,ug 
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The addition of sugars to CYA promoted asexual sporulation. Within 7 days, colonies appeared much greener on sugar-supplemented CYA than on the standard medium. After 10 to 15 days on sugar-supplemented CYA, the color of colonies changed to dark green, whereas the color of colonies on standard CYA remained light green. The teleomorphic stage was inhibited by high concentrations of sugar; the a,s optimum for development were 0.990 for glucose and fructose CYA and 0.998 for sucrose (standard CYA). On glucose-and fructose-supplemented CYA, cleistothecia were first observed at aw of 0.990 after 10 days, the same time required for production on standard CYA. Cleistothecia were first noted after 15 Fumitremorgin production by N. fischeri was not directly dependent on formation of conidia as illustrated for Penicillium estinogenum (6) , since fumitremorgin production was detected at 15, 21, and 25°C before conidia were observed by microscopy. However, the importance of asexual sporulation cannot be rejected as it was for Penicillium raistrickii (19) , because media supporting higher mycotoxin production by N. fischeri also supported higher numbers of conidia, e.g., when the organism was exposed to light or to high sugar concentrations.
Conclusion. Heat-resistant N. fischeri has been demonstrated to produce tremorgenic mycotoxins when cultured under a wide range of environmental conditions. Presumably, these tremorgenic substances may be produced in heat-processed fruit products spoiled by N. fischeri. A low a^prevents ascospore germination, but products with higher a^,s must be kept at low temperature, perhaps even lower than 10°C, to prevent germination of ascospores that survive the heat treatment. Other possibilities for preventing growth of N. fischeri in fruit products include adding preservatives or organic acids or lowering the amount of oxygen available for metabolic processes. These parameters are currently under study in our laboratories.
